A recent study identifies a role for a Toll pathway with likely non-canonical features in the developmental specification of BAG neurons in Caenorhabditis elegans. These neurons function to sense carbon dioxide, which is shown to facilitate avoidance of pathogenic bacteria.
The celebrated Toll pathway was initially discovered from a genetic screen for mutants defective in embryonic dorsal-ventral patterning in Drosophila [1] . Subsequently, another role for Toll was identified in the response of Drosophila to pathogenic fungi, where activation of the Toll pathway was found to induce expression of antimicrobial peptides [2] . The hypothesis that innate immunity is an ancient, evolutionarily conserved system of defense [3] was strikingly validated by the discoveries of mammalian Toll homologs in innate immune signaling. A human Toll-like receptor (TLR) was shown to activate the transcription factor NF-kB, homologous to Drosophila Dorsal, which controls the expression of cytokines and serves as a pivotal bridge to the activation of the adaptive immune response [4] . In parallel, positional cloning of a locus responsible for conferring to mice sensitivity to the effects of bacterial lipopolysaccharide also converged on TLR4 [5] . The molecular genetic elucidation of TLR signaling pathways in mammals established TLR-mediated pathogen recognition and signaling as a paradigm for understanding innate immunity in mammals [6] .
The identification of TLR signaling components in basal cnidarian species underscored the ancient origins of Toll, but also suggested loss of Toll pathway components in some species, including Caenorhabditis elegans [7] , where the function of the Toll pathway has remained elusive. Although the C. elegans genome encodes a single TLR homolog, TOL-1, no homologs of the canonical TLR signaling pathway components NF-kB and MyD88 have been identified, and only distant homology observed in other TLR signaling components (Figure 1 ). Moreover, a tol-1 mutant did not have enhanced susceptibility to killing by pathogenic Pseudomonas aeruginosa, casting doubt on a role for canonical Toll signaling in C. elegans innate immunity [8] . The only tantalizing hint of what Toll might be doing in C. elegans was the observation that wild-type animals avoided the pathogenic bacterium Serratia marcescens, but tol-1 mutant animals did not [8] .
Now, Brandt and Ringstad [9] , as reported in this issue of Current Biology, reveal that Toll signaling in C. elegans is required for the development of a pair of neurons, termed the BAG neurons, which function in the sensation of carbon dioxide [10] and molecular oxygen [11] .
The authors started with a forward genetic approach to isolate mutants defective in the expression of genes normally expressed in the BAG neurons and identified a requirement for a mitogenactivated protein kinase (MAPK) module that includes C. elegans homologs of mammalian TAK1 MAPKKK and p38 MAPK in BAG neuron specification. The authors show that the PMK-3 p38 MAPK pathway functions during development and not in the direct sensation of carbon dioxide. Because the TAK1 MAPKKK lies at the nexus of multiple major signal transduction pathways, including not only MAPK signaling but also TLR signaling, the authors also examined the possibility that TOL-1 might also function in the BAG neurons. Strikingly, the genetic analysis of Brandt and Ringstad demonstrates that animals carrying mutations in tol-1, or mutations in genes encoding homologs of the TLR signaling components IRAK and TRAF, all exhibit defects in carbon dioxide sensing due to aberrant BAG neuron function. Mutations in a C. elegans homolog of mammalian IkB, which is negatively regulated by canonical TLR signaling, can suppress the defective BAG neuron phenotypes of tol-1 and pmk-3 mutants. The authors also demonstrate using genetically encoded calcium indicators that BAG neuron responses to carbon dioxide are aberrant in the tol-1 mutant.
Brandt and Ringstad [9] also explain the previously observed pathogen avoidance phenotype of the tol-1 mutant by showing that the detection and sensation of carbon dioxide that is mediated by the BAG sensory neurons contributes to the avoidance behavior. C. elegans have an aversive learning response to pathogenic bacteria that results in avoidance of a lawn of pathogenic bacteria [12] [13] [14] . The data of Brandt and Ringstad suggest that elevated levels of carbon dioxide from microbial metabolic activity may serve as a cue of bacterial density, facilitating avoidance of harmful bacteria, just as levels of molecular oxygen modulated by metabolically active bacteria can influence C. elegans behavior in and around patches of bacteria [14] [15] [16] [17] [18] .
Taken together with recent studies implicating roles for TLR signaling in nervous system development in mammals [19] , the work of Brandt and Ringstad points to another evolutionarily conserved role for Toll signaling. But while some components of neuronal TLR signaling, such as TAK1, appear to be shared with canonical TLR pathways present in immune cells, TLR signaling in neurons will likely be different, particularly in view of the aforementioned conspicuous absence of MyD88 and NF-kB homologs in C. elegans. The C. elegans genome does encode TIR-1/SARM, a Toll-Interleukin-1 Receptor domain protein that may be distantly related to the TLR adaptor family that includes MyD88. SARM has been demonstrated to have a strikingly pivotal role in neurons, in promoting degeneration after axonal injury in Drosophila and mice [20] . Whether TIR-1 functions in a novel manner in the BAG neurons to transduce TOL-1-mediated signal remains to be determined. In the absence of an NF-kB homolog, what is modulated downstream of TOL-1 in addition to p38 MAPK activity will also be interesting to explore. The genetic analysis of Brandt and Ringstad has opened the door to the further identification of conserved features of non-canonical TLR signaling that may function in neuronal development and disease. Eye movements are essential to human vision. A new study shows that the tiny eye movements we make while holding our gaze on a point of interest are associated with brief, attention-like changes in the sensitivity of visual neurons.
Textbooks sometimes use the analogy of a camera to teach students about human vision. Although the analogy has value, it encourages the false notion that our brain constructs our visual experience from still images of the outside world. The brain's cameras -the eyes -are never truly stationary, even when we feel that our gaze is locked on a point in the visual scene. As a result, the input to the brain is a jerky, drifting, and disjointed image stream. How does the brain make sense of this input? A study by Chen et al. [1] published recently in Current Biology suggests that a class of tiny eye movements known as 'microsaccades' are closely linked with mechanisms that prioritize how visual information is processed over space and time.
Recording from single neurons in alert macaque monkeys, the authors show that neurons in the frontal eye fields and superior colliculus become especially sensitive to visual input just before the onset of these tiny eye movements ( Figures 1A,B) . Moreover, this enhancement is spatially specific -albeit coarsely -such that the region of the visual field that is prioritized depends on the direction of the eye movement ( Figures 1C,D) . These changes in visual sensitivity resemble those seen in experiments that manipulate visual attention [2] . This suggests that, even at very fine temporal and spatial scales, sensory and oculomotor systems act in concert to coordinate visual processing.
The Act of Seeing: Vision as a Sensorimotor Behavior Vision would be of little use if we didn't move our eyes. Unlike a camera (again!), the primate retina has high spatial resolution only within a small central region -the 'fovea'. A scene is therefore not captured in detail instantaneously but rather through a sequence of eye (and head) movements. These fast eye movements, known as 'saccades', occur several times per second during everyday vision and are interspersed with short periods of relative stability known as 'fixations'. It is during these fixations that the most useful visual information is acquired. In addition to giving the illusion of ubiquitous detail, large saccades give rise to a sense of visual space that is greater than the part of the world that can be seen at any single point in time. Indeed, by taking into account eye position [3, 4] , the brain can translate an object's ever-changing position in the retinal image into a stable internal representation of its position in the world or relative to the body -a key requirement for goal-directed behaviour, such as reaching or navigation.
In this light, exploratory vision arguably owes as much to the motor neurons that command the eyes to move as it does to the sensory neurons that respond to visual input. Consistent with this view, the visual and oculomotor systems are in close, bidirectional communication; visual signals drive movements of the eyes toward objects, and copies of movement commands known as 'corollary discharge' are sent back to the visual system [5] . Corollary discharge is thought to allow the visual system to compensate for self-induced retinal stimulation, and thereby maintain stable vision. How these signals influence individual visual neurons, however, remains poorly understood.
One putative correlate of corollary discharge that has been observed consistently across studies is a change in the sensitivity of visual neurons around the time of saccades, even before the eyes begin to move [3, [6] [7] [8] . Some neurons, for example, show enhanced responses when stimuli are positioned near the endpoint of an impending saccade, as if spatial attention is
